**HIGHLIGHTSScientific question**This study investigated the entry process of EBOV through lipid rafts in live cells using the single virus tracking technique.**Evidence before this study**Recent researches have revealed that EBOV were internalized into host cells by a macropinocytosis-like process, which required integration and function of lipid rafts. However, there has no convincing data to show the dynamic interaction between EBOV virions and lipid rafts on plasma membrane during EBOV entry of cells.**New findings**In this study, we generated the fluorescently labeled Ebola virus like particles (VLPs) which has striking morphological similarity with live filoviruses. By employing the single particle tracking technique we visualized the dynamic internalization of Ebola VLPs into live cells through lipid rafts. This is the first real time live imaging evidence for the lipid raft mediated endocytosis process for Ebola virus at a single virus level.**Significance of the study**Our study provides, for the first time, live imaging evidence for the important roles plasma membrane lipid rafts played during EBOV entry into cells. This lipid rafts mediated macropinocytosis-like process can be potential targets for future therapeutic strategies.Alt-text: Unlabelled Box

1. Introduction {#s0005}
===============

The Ebola virus (EBOV) within the family *Filoviridae* is one of the most pathogenic viruses in humans and non-human primates which can cause a severe hemorrhagic fever that rapidly progresses and has case fatality rates reaching 90% \[[@bb0005]\]. At present, neither currently approved vaccines nor antiviral therapeutics are available to combat the virus. Ebola virus disease was endemic in Sub-Saharan Africa, and the largest ever outbreak that started in 2013 spread across Guinea, Liberia, and Sierra Leone. The virus was then imported into the United States and Europe, triggering a global public health threat \[[@bb0010],[@bb0015]\]. In an urgent situation such as this, a thorough understanding of the interaction mechanisms between EBOV and host cells is essential for the development of novel and effective prophylactic and therapeutic strategies against the virus \[[@bb0020]\].

EBOV is a single-stranded negative-sense RNA virus \[[@bb0025]\]. The structure of enveloped EBOV virion consists of a nucleocapsid complex, surrounding matrix, and coating envelope \[[@bb0025]\]. The nucleocapsid complex is formed by viral RNA genome packed with nucleoprotein NP, viral proteins VP35 and VP30, and the polymerase (L) \[[@bb0030]\]. The surrounding matrix beneath envelope comprises viral proteins VP40 and VP24, and maintains the structural integrity of the virion \[[@bb0025]\]. On the lipid envelope coating virion surface, glycoprotein GP forms trimers and can mediate attachment and entry into host cells \[[@bb0035]\]. Among the 7 encoded proteins, NP, L, VP40, VP35, VP30, VP24, GP, VP40 is the most abundantly virion protein. It plays a central role in maintaining the structure of the virion and virus assembly and budding \[[@bb0025]\]. Expression of the matrix protein VP40 alone is sufficient to produce virus-like particles (VLPs) that have indistinguishable morphology to the actual Ebola virus \[[@bb0040]\]. The GP is a type I transmembrane protein post-translationally cleaved by a furin protease into GP1 and GP2 subunits. GP1 subunit is responsible for interaction with its cellular receptor, whereas GP2 subunit is involved in the process of virus-host cell membrane fusion \[[@bb0045]\]. The recombinant expressed virus-like particles composed of two proteins VP40 and GP can mediate the whole virus entry process, including attachment, internalization, and membrane fusion \[[@bb0050]\].

Cellular entry of Ebola viruses is known at first to bind to surface molecules on host cells, and after attachment, the virions are internalized by a macropinocytosis-like process and subsequently trafficked through early and late endosomes \[[@bb0055]\]. While many studies have already investigated the mechanism of EBOV entry and revealed some important features on this \[[@bb0050],[@bb0060]\], critical host factors on plasma membrane which mediate the initial interaction and internalization remain to be elucidated. There are distributed specific microdomains on the cellular membrane that are rich in cholesterol and sphingolipids, and detergent-insoluble with low density known as lipid rafts \[[@bb0065]\]. These lipid rafts act as functional platforms for multiple cellular functions, such as modulate cell signaling, and mediate virus trafficking \[[@bb0070]\]. Plasma membrane lipid rafts associated molecules can respond to extracellular stimuli and initiate signaling pathway by oligomerization when partitioned and concentrated in aggregated lipid rafts, which are sparsely distributed in small patches on plasma membrane without stimuli \[[@bb0075]\]. The compartmentalization of signaling molecules in clustered lipid rafts may help signals accumulate to the required threshold at physiological concentrations of the stimuli \[[@bb0080]\]. Partitioning in lipid rafts may also be perceived as a measure to perform functions in a more specific and economic manner while keeping distinct pathways spatially separated \[[@bb0065]\]. Recent researches have showed that the entry of EBOV requires functional rafts \[[@bb0085]\], revealed the EBOV glycoprotein GP and matrix protein VP40 localized to plasma membrane rafts, and determined a critical role for rafts in the assemble and release of EBOV \[[@bb0085],[@bb0090]\].

While the function of lipid rafts in virus entry has previously been reported, a majority of these studies were biochemical studies or those which used fluorescent protein labeling of fixed cells. They could not portray a live dynamic interaction between the virions and host cells during the entry process. Live cell imaging of single viral particles allows the visualization of viral entry in live cells in real time \[[@bb0095],[@bb0100]\]. To provide evidence on whether lipid rafts are involved in the entry process of Ebola virus, we utilized single-particle tracking (SPT) based on real-time confocal fluorescence microscope to track the entry of Ebola VLPs and investigate the interaction of Ebola VLPs with lipid-rafts. We generated the fluorescently labeled Ebola VLPs, comprising EBOV glycoprotein GP and the matrix protein VP40 fused with enhanced GFP protein. Using the single-particle tracking technique, the dynamics of Ebola virus entry was imaged in live cells in real time. The live-cell imaging approach also enabled an in-depth analysis of interactions between Ebola VLPs and lipid rafts on the plasma membrane. In this study, we demonstrate the compartmentalization of Ebola virus like particles in lipid rafts during entry process. Our findings also show that the interruption of lipid rafts can block internalization of Ebola virus into cells. Thus, our study provides further evidence to show that the functional integrity of lipid rafts on plasma membrane is critical for the pathogenicity of Ebola virus and that lipid rafts can serve as potential targets for therapeutic interventions.

2. Materials and methods {#s0010}
========================

2.1. Cell lines and antibody {#s0015}
----------------------------

Vero cells and 293T cells were grown in Dulbecco\'s Modified Eagle\'s medium (DMEM) (Gibco, US) supplemented with 10% fetal bovine serum (Gibco), 100 units/ml of penicillin,100 μg/ml streptomycin at 37 °C in 5% CO~2~. The anti-GP antibody of Ebola Virus was donated by Prof. Jinghua Yan from the Institute of Microbiology of the Chinese Academy of Sciences (IMCAS).

2.2. Generation of fluorescent virus-like particles {#s0020}
---------------------------------------------------

Fluorescent Ebola-VLPs were generated based on the genome sequence of wild type Zaire EBOV strains-Mayinga (GenBank No.: [AF086833.2](ncbi-n:AF086833.2){#ir0005}), by co-transfecting 12 μg pcDNA3.1-eGFP-VP40 and 6 μg pcDNA3.1-GP plasmids into 293T cells in the 10-cm plates using Lipofectamine® 2000 Transfection Reagent (Invitrogen). Six hours post-transfection, the supernatant was transferred into DMEM with 10% FBS and 1% penicillin and streptomycin. Forty eight hours post-transfection, the cultures were centrifuged at 1200 rpm and the VLP-containing supernatant was collected. The supernatant containing VLPs were further centrifuged through a 20% sucrose cushion at 25,000 rpm for 2.5 h at 4 °C. The pellet containing VLPs was re-suspended in ice-cold NTE buffer (10 mM Tris (pH 7.5),100 mM NaCl,1 mM EDTA). Then the containing-VLPs buffer was dialyzed in ice-cold NTE buffer at 4 °C overnight. The fluorescent VLPs were stored in aliquots away from light.

2.3. Identification of fluorescent VLPs {#s0025}
---------------------------------------

Fluorescent VLPs were stained negatively with 2% Phosphotungstic acid (PTA), and the morphology of VLPs was examined by electron microscope (Hitachi, H-7000FA, Japan). The fluorescent VLPs were put into a 2 cm-plate with glass bottom and dried, then fixed by 4% paraformaldehyde at room temperature for 15 min. After washing with phosphate buffered saline (PBS), the fluorescent VLPs were cultured with mouse anti-GP monoclonal antibodies (produced in our lab) at 4 °C overnight. After reactions with the Alexa-555 labeled rabbit anti-mouse second antibody (Life Sciences), the VLPs were examined under the fluorescence microscope Delta Vision personal DV (Applied Precision) to identify the co-localization of immunofluorescence stained by anti-GP antibody (red) and inherent fluorescence of VLPs (Green) to confirm the composition of the fluorescent Ebola-VLPs.

2.4. VLPs entry assay {#s0030}
---------------------

Vero cells were cultured in DMEM with 10% FBS and 1% P/S in 6 wells of 20 mm-plates with glass bottoms, and the fluorescent VLPs were added into each well. After adding the fluorescent VLPs, the lipid raft of cell membrane was labeled with the Cholera Toxin B Subunit (Recombinant), Alexa Fluor® 594 Conjugate (Thermo Fisher Scientific, US) at 5, 10, 15, 20, 30, and 60 min. The labeling was for 10 min on ice and away from light. After washing with PBS, the cells were fixed with 4% paraformaldehyde for 40 min and washed again with PBS. Then the cell nucleus was labeled with Hoechst33342 (Beyotime, China) at room temperature for 10 min and washed with PBS. In the entry inhibition assays, the lipid raft inhibitor methyl-β-cyclodextrin (m-β-CD, Aladdin reagent) was diluted to a working concentration of 10 mM using the cell culture medium and pretreated Vero cells for 10 min at room temperature before being cultured with fluorescent VLPs. The images were taken under the PE Ultra VIEW VoX double disc living cell fluorescence confocal microscope. For experiments observing the entry of VLPs in time gradients, we randomly chose 5 views and counted the number of viruses absorbing on cell membrane and the number of cells entering into cells at different time points in the inhibitor treated group and the untreated group.

2.5. Single-particle tracking of Ebola VLPs entry {#s0035}
-------------------------------------------------

UltraVIEW VoX double disc live cell fluorescence confocal microscope (PerkinElmer, Co) was used for dynamic observation of single Ebola VLP entry into living cells. The interactions between VLP and lipid rafts of cell membrane were observed in the entry process. Vero cells were cultured in a 20-mm plate with glass bottoms, and purified fluorescent Ebola VLPs were added and incubated to allow adherence for 30 min. Following this, 1 μg/ml Alexa Fluor®-594 Conjugated Cholera Toxin B Subunit (Recombinant) was added into culture. The Cholera Toxin B Subunit can selectively label lipid rafts by binding with the pentasaccharide chain of ganglioside G~M1~ embedded in plasma membrane lipid rafts \[[@bb0105]\]. After reacting on ice for 10 min to label lipid rafts of live cell membrane, the supernatant was discarded and the precooling culture medium was added. The real-time dynamic images of VLPs and cell membrane lipid rafts were analyzed in a cell culture environmental chamber (Tokai Hit, 37 °C, 5% CO~2~) under the UltraVIEW VoX confocal microscope with living cells\' workstation.

3. Results {#s0040}
==========

3.1. Morphological similarity of Fluorescent Ebola VLPs to filoviruses {#s0045}
----------------------------------------------------------------------

The morphology of fluorescent Ebola VLPs, which comprised GP and VP40 fused with enhanced GFP (eGFP) at the N terminus, was determined using electron microscopy. Most of the purified particles displayed a filamentous morphology similar to filoviruses ([Fig. 1](#f0005){ref-type="fig"}A). The VLPs had a similar diameter range of 70--80 nm and length range of 1,000--2,000 nm as Ebola viruses in cell cultures. In addition, the VLPs were coated with 5--10 nm surface projections or "spikes" characteristic of EBOV ([Fig. 1](#f0005){ref-type="fig"}A). The envelope layer was clearly formed along the length of the filamentous particles. The fluorescent Ebola VLPs showed inherent bright green fluorescence under the microscope ([Fig. 1](#f0005){ref-type="fig"}B). Furthermore, immunofluorescence staining of the VLPs with anti-Ebola GP antibodies showed that the inherent eGFP fluorescence was readily detected, and the majority of eGFP fluorescence were overlaid with the fluorescence from the antibody against the envelope protein GP ([Fig. 1](#f0005){ref-type="fig"}C).Fig. 1Identification of fluorescent Ebola VLPs. (A) The morphology of fluorescent Ebola VLPs visualized under electron microscope. (B) The fluorescence of Ebola VLPs fused with eGFP examined using fluorescence microscope. (C) The immunofluorescence of Ebola VLPs fused with eGFP tag (green) stained by Alexa-555 conjugated anti-GP antibody (red) examined using fluorescence microscope.Fig. 1

3.2. Co-localization of Ebola VLPs with lipid-rafts on cell membrane {#s0050}
--------------------------------------------------------------------

To visualize the interaction between Fluorescent Ebola VLPs and lipid rafts on cell membrane, we co-cultured Ebola VLPs and Vero cells and tracked the interaction at different time points during the culture. Using confocal microscopy, we found that at all time points there were VLPs co-localized with large patches of lipid rafts on the cell membrane which were targeted with fluorescently labeled cholera toxin B subunit, thus confirming the raft association of Ebola VLPs on intact cells ([Fig. 2](#f0010){ref-type="fig"}A). We counted the particles that adhered on cells and internalized into cells, and found that after 30 mins there were increased number of particles associated with cells ([Fig. 2](#f0010){ref-type="fig"}B), while the ratio of particles associated with the cell membrane to particle internalized inside cells decreased after 30 mins ([Fig. 2](#f0010){ref-type="fig"}C). These findings suggested that the entry of EBOV mainly occurred around 30 mins after adding viral particles into cell cultures, and the entry process of EBOV was associated with lipid rafts on cell membrane.Fig. 2Interaction of Ebola VLPs with lipid-rafts at different time points. (A) Purified fluorescent Ebola VLPs (green) were added into Vero cells, and at the indicated time points the cells were stained with the Alexa Fluor® 594 conjugated Cholera Toxin Subunit B (CTB) to label the lipid rafts on cell membrane (red). Then the cells were fixed and visualized under confocal microscope. (B) The graph shows the average number of Ebola VLPs per cell at different time points. The average number of Ebola VLPs associated with each cell was calculated from 100 cells randomly chosen from 5 different views at each time point. \* indicates *P* \< 0.05. (C) The graph shows the ratio of Ebola VLPs on cell membrane to Ebola VLPs internalized inside of cells. The ratio was calculated from 100 cells randomly chosen from 5 different views at each time point. \* indicates *P* \< 0.05.Fig. 2

3.3. Prohibition of internalization of Ebola VLPs by Interruption of lipid rafts {#s0055}
--------------------------------------------------------------------------------

To understand the importance of lipid-rafts in the internalization process of Ebola VLPs, Vero cells were pre-treated with methyl-β-cyclodextrin (MCD) that depletes cholesterol from the membrane. After 30 mins of culturing, the cellular internalization of Ebola VLPs was drastically reduced in cells that had been treated with MCD ([Fig. 3](#f0015){ref-type="fig"}A). The internalization percentage of VLPs in MCD pretreated Vero cells were around 20%, significantly lower than in MCD untreated Vero cells ([Fig. 3](#f0015){ref-type="fig"}B). Thus, the findings confirmed that the functional lipid rafts were critical to the internalization of Ebola VLPs into host cells. Fig. 3Interrupting the function of lipid-rafts inhibited the internalization of Ebola VLPs. (A) Vero cells were pretreated with MβCD and then co-cultured with Ebola VLPs for 30 mins. Compared to the MβCD untreated control group, there were much less Ebola VLPs (green) entering into cells. Lipid-rafts were stained red. (B) The graph shows that the average internalization percentage in the MβCD pre-treated group was significantly higher than in the control group. \* indicates *P* \< 0.05.Fig. 3Fig. 4Single particle tracking entry of Ebola VLPs. Real-time imaging of endocytic entries of EBOV-eGFP particles into Vero cells. (A) Dynamic co-localization of EBOV-eGFP (Green) and Lipid rafts (Red) in a Vero cell was examined under real-time confocal microscope for tracking the entry process of Ebola VLPs. The area for focused observation was highlighted by white frame. (B) The graphs show the snapshots of a movie to show the movement of a Ebola VLP from outside the cells to the inside of the cell. The white lines show the edge of a pseudopod on membrane.Fig. 4

3.4. Visualization of the interactions between Ebola VLPs and lipid rafts on cell membranes by Single-particle tracking {#s0060}
-----------------------------------------------------------------------------------------------------------------------

To better visualize the interaction between Ebola VLPs and lipid rafts on cell membrane, we used the single particle tracking technique to image the internalization of Ebola VLPs into live cells ([Fig. 4](#f0020){ref-type="fig"}A). As shown in [Fig. 4](#f0020){ref-type="fig"}B and [Movie S1](#ec0005){ref-type="supplementary-material"} (Supplementary data), a particle moved towards the cell surface and attached onto a membrane consisted of lipid rafts (time 54:30--55:00) domain. Then, the particle moved along the edge of the membrane (time 55:08--55:15), and was gradually moved into a tiny pocket-like depression (time 55:23--57:23), which is a typical lipid raft structure. Finally, the viral particle merged into the lipid raft domains and internalized inside the cell (time 58:00--58: 38). The live imaging of single Ebola particle internalization clearly showed that the Ebola virus entered cells through the membrane domain that consisted of lipid rafts ([Movie S1](#ec0005){ref-type="supplementary-material"} in Supplementary data).

4. Discussion {#s0065}
=============

Understanding the interactions between Ebola virus and the host cells is essential for successful development of effective prophylactic and therapeutic strategies. Host cell factors exploited by Ebola viruses for viral amplification constitute potential targets for antiviral intervention. Blocking the factors required for the initial step in viral replication and its entry into target cells is of particular interest. In this study, by using single particle tracking and fluorescently labeled Ebola VLP which has striking morphological similarity with live filoviruses, and incorporates both Ebola GP and matrix protein VP40, we visualized the dynamic internalization of Ebola VLPs in live cells, and uncovered the lipid raft mediated endocytosis process for Ebola virus at a single virus level in real time.

Membrane fusion is a common feature for the entry of enveloped viruses and can be mediated in different ways \[[@bb0110]\], either by direct fusion with the cell plasma membrane or by entering the endocytic pathway \[[@bb0115]\]. As previously reported in earlier studies, filoviruses first bind to the cell surface and are then internalized by a macropinocytosis-like process after its interaction with cell surface receptors or other co-factors. Then, the EBOV fusion requires priming the viral GP by the cysteine proteases cathepsin L and B inside the late endosome. Following this, the primed GP can then trigger fusion by exposure of its domain to bind the endosome-receptors. Recent studies demonstrate that the endosome-residing membrane protein Niemann-Pick C1(NPC1) is the endosome-receptor that binds to the primed GP, and the NPC1-C domain is the binding partner of the primed GP \[[@bb0120],[@bb0125]\].The mechanisms of EBOV virions to enter cells and then traffick through early and late endosomes have been studied extensively \[[@bb0130], [@bb0135], [@bb0140]\]. Thus, the internalization of EBOV virions into cells are critical for further trafficking through endosomes and the endocytic membrane fusion. Previous studies showed that EBOV can enter host cells through either macropinocytosis-like endocytosis or endocytosis, depending on target cells. The macropinocytosis-like endocytosis of EBOV is independent of clathrin, caveolae, and dynamin, and dependent of actin and lipid raft \[[@bb0135], [@bb0140], [@bb0145]\]. The endocytosis of EBOV is clathrin, caveolae, and dynamin dependent \[[@bb0150]\]. Mannose-binding lectin (MBL), a prototypic soluble calcium-dependent (C-type) lectin, was reported to mediate lipid raft dependent macropinocytosis of EBOV. Contrary to the filovirus canonical endocytic pathway, the pathway for macropinocytosis of EBOV requires less actin function or early endosomal processing \[[@bb0155]\]. Our studies showed that the cellular internalization of EBOV VLPs comprising GP and VP40 had decreased when Vero cells had been pretreated with β-MCD. Our results provide evidence that the macropinocytosis-like endocytosis of EBOV VLPs is dependent on lipid rafts, in agreement with previous findings using wild type virus \[[@bb0140]\].

The lipid raft microdomains on plasma membrane are enriched with virus receptors and co-receptors, which may be advantageous for viruses to enter into host cells, and provide a specific site for initiating the attachment and membrane fusion of many viruses, including Ebola virus \[[@bb0090]\] \[[@bb0085]\]. In prominence, Ebola virus has a broad cell tropism and could infect many cell types, including monocytes, macrophages, dendritic cells and epithelial cells. Ebola viruses initiate infection by binding multiple adherent molecules on host cells, such as DC-SIGN (dendritic-cell-specific ICAM3-grabbing non-integrin), L-SIGN (liver and lymph node SIGN) \[[@bb0125],[@bb0160]\]. In addition, several integrins such as integrinαV, T cell immunoglobulin and mucin domain 1 (TIM-1) proteins, and tyrosine protein kinase receptor 3 (TYRO3) family members (Axl, Dtk, Mer) which are also enriched in lipid rafts, have been implicated in Ebola-GP mediated cell entry \[[@bb0165], [@bb0170], [@bb0175]\]. More precisely, the Ebola glycoprotein GP and the matrix protein VP40 were also shown to locate in lipid rafts and associate with the entry and release of EBOV \[[@bb0085],[@bb0090]\]. However, previous studies mostly showed the interaction of EBOV with lipid rafts using biochemical experiments, or immunofluorescence staining of fixed cells. There has been no direct live image evidence of the entry of EBOV into cells through lipid rafts. In our study relying on the high-resolution live imaging technique, we are the first to visualize the dynamic interaction of EBOV VLPs with plasma membrane and the entry of EBOV through large patches of lipid-rafts. Although we could not visualize the interaction between EBOV and the host cell attachment factors, integrins, TIM-1, and TYRO3 family members, we propose that the entry of EBOV through lipid rafts will potentiate the signaling through these sensor molecules to coordinate the intracellular traffic of virions through endosomes and within membrane fusion, and activate multiple pathways. Besides being in the plasma membrane, cholesterol-sphingolipid rafts are also present in late endosomal or lysosomal membranes. It is interesting to note that the lipid rafts are associated with endosomal residing NPC1 protein in late endosomes, where this protein is the binding partner of EBOV GP for endosomal membrane fusion, and is also enhanced by cholesterol loading \[[@bb0180]\]. Furthermore, NPC1 can modulate the efficient recycle of endocytosed LDL-cholesterol to the plasma membrane, which seems to reciprocally operate with membrane transport machinery \[[@bb0185]\]. Thus the flow of lipid raft components from plasma membrane to late endosomes may affect the function of NPC-1 and impact the membrane fusion process of EBOV degradative compartments. To further understand the molecular basis of the altered cellular functions of NPC during the endosomal raft accumulation and changing of lipid composition in late endosomes, more detailed investigations are needed.

An important aspect of this study is the visualization of Ebola trafficking in live cells by using the SPT; whereas previous biochemical data and image data indicated that lipid rafts play a role in entry of Ebola virus, they did not examine the entry of intact virus particles with both GP and VP40 in living cells \[[@bb0090]\]. Live cell imaging of single virion particles allows the visualization of the interaction of virus and cellular structure in real time. Herewith, single particle tracking shows the detailed dynamics of interactions between Ebola VLPs and plasma membrane lipid rafts. Our findings suggest that functional lipid rafts are critical to the entry of Ebola virus, and the integrity of the molecular components in lipid rafts could be potential therapeutic targets. Further characterization of the lipid raft-located host molecules that bind to viral GP40 and VP40 during host-virus interaction by using other methods such as proteomic analysis, will help to identify critical molecule targets mediating the function of lipid rafts.

The following are the supplementary data related to this article.Movie S1A typical dynamic interaction process between Ebola VLPs (green) and lipid-rafts tiny pocket (red) during the entry of VLPs.Movie S1 Supplementary Fig. 1The representative snapshots of the live imaging video showing the co-localization of EBOV VLPs (green) with plasma membrane lipid rafts (red).Supplementary Fig. 1
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